One of the most useful traits for an organism would be the ability to predict the upcoming changes in its environment. This would allow it to prepare for those changes instead of being caught by surprise, which could mean the difference between life and death. A bacterium might benefit from postponing DNA replication until nighttime, when the chance of UV-induced damage plummets; a fly could find a cool spot before the mid-day sun desiccates it; waking up before the disruptive buzz of your alarm clock would probably improve your mood. In fact, most creatures on this planet possess an ability to anticipate upcoming events, courtesy of their circadian clocks. These timekeepers are tuned by regular environmental occurrences-primarily daily oscillations of light and temperature.
Animals have circadian clocks ticking in cells throughout their bodies, with master timekeepers housed in specialized brain neurons. But the heart of the circadian clock is molecular, with the first insight coming in 1971, when Konopka and Benzer reported that various point mutations in a single gene (later cloned and called period) can delay, advance, or randomize the timing of daily behaviors in fruit flies. Over the ensuing decades, we have learned a lot about the various components of this clock, which centers around a transcription/translation feedback loop that creates distinct cellular states across the day. It does so by altering the abundance and localization of key mRNAs, proteins, and complexes.
Core Components of the Transcription/Translation Feedback Loop
Despite some important differences, the circadian clock remained remarkably similar both in composition and regulation across evolution, making it possible to describe the overall logic of the system by focusing on flies. Four factors form the core of the Drosophila feedback loop-Clock (CLK), Cycle (CYC), Period (PER) and Timeless (TIM), with the loss of any resulting in arrhythmicity. In mammals, Cryptochrome (CRY) substitutes for TIM, and BMAL1 for CYC (mammals have three per and two cry genes).
In short, CLK and CYC promote expression of per and tim. PER and TIM, in turn, inhibit the transcriptional activity of CLK and CYC. That is, PER and TIM inhibit their own expression, and this dynamic creates slowly progressing state transitions that can be continually read out to determine time of day.
Increasing PER and TIM Levels (Positive Arm of the Loop)
In the morning, CLK-CYC heterodimers begin to bind DNA sequences called E-boxes in the regulatory regions of their target genes, among which are per and tim. As the day progresses, per and tim are increasingly expressed. This accumulation is slowed by phosphorylation of PER by the kinase Doubletime (DBT; Casein Kinase 1 [CK1] in mammals), which targets it for degradation. In flies, TIM accumulation is slowed down by light transmitted directly through the thin cuticle, which activates Drosophila Cryptochrome (dCRY), a photosensitive protein expressed in clock cells. dCRY binds TIM and targets it for degradation via SCF ubiquitin ligases, one component of which is an F-box protein Jetlag (JET). The kinetics of mammalian PER and CRY accumulation are also regulated through degradation by SCF ubiquitin ligases.
Inhibition of CLK-CYC Activity (Negative Arm of the Loop)
As PER and TIM accumulate in the cytoplasm, they are increasingly able to elude degradation. For flies, this is especially true after dark, when light can no longer cause TIM degradation. Eventually, PER-TIM-DBT complexes are formed, in which PER and TIM are further stabilized. Bound TIM is phosphorylated by Shaggy, and bound PER by Casein Kinase 2. This phosphorylation times the ability of the complex to enter the nucleus (events that regulate nuclear entry are unknown in mammals). Nuclear PER-TIM-DBT prevents the association of CLK-CYC with E-boxes by interacting with this heterodimer and phosphorylating CLK. This terminates expression of clock-controlled genes, including per and tim. In mammals, PER-CRY-CK1 complexes do not prevent association of CLK-BMAL1 with E-boxes, but rather recruit transcriptional repressor complexes. Of note, mammalian work has shown that additional proteins are part of the PER-CRY complexes both in the cytoplasm and in the nucleus.
Daily Resetting of the Clock by Light
Late-night levels of PER and TIM are high, shutting down further transcription of per and tim. The onset of morning light resets the feedback loop by promoting per and tim transcription, but it does so by different means in flies and mammals. In flies, light-activated CRY rapidly promotes TIM degradation. In mammals, light activates intrinsically photosensitive retinal ganglion cells (iPRGCs) that express photopigment melanopsin and transduce light information independently of canonical image-forming visual pathways. iPRGCs signal directly to clock neurons in the suprachiasmatic nucleus of the hypothalamus, the master circadian locus, inducing transcription of per1 and per2.
Secondary Loop
The expression of clk itself is rhythmically regulated through a secondary loop formed by CLK-CYC and their direct targets Vrille (VRI) and PDP1. Made at different times, VRI and PDP1 can exert opposing influences on clk expression (negative and positive, respectively). Despite mRNA oscillations, CLK protein levels do not significantly change throughout the day. However, making new CLK in the morning may play a role in replacing hyperphosphorylated CLK which is inactive and subject to degradation. In mammals, bmal1, and not clk, is expressed rhythmically; RORs and REV-ERBs substitute for VRI and PDP1.
Output
Here, we describe the basics of how the clock ticks. But, in addition to keeping time, the clock itself controls physiological processes that need to occur at different times of day. Sleep-wake rhythms are a familiar example of a clock output. But even your body temperature, digestion, and division of your cells are regulated by the clock. In fact, recent studies estimate that 5%-20% of mammalian transcripts to oscillate daily. This means that many, if not most, aspects of biology are affected by circadian clocks.
